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ABSTRAKT  
Koncentrace volných kovových iontů je často jen malou částí celkové koncentrace kovu v 
prostředí. Přes tento malý obsah, je ve většině případů koncentrace volných kovových iontů 
klíčovým faktorem při určování biodostupnosti a toxicity pro organizmus.  Membránová 
technika Donnan se používá k měření koncentrace volných kovových iontů a v této 
diplomové práci je ověřena pro směsi kovů (Pb + Cu) při absenci a přítomnosti malých 
organických ligandů. Olovo a měď jsou environmentálně důležité kovy díky své toxicitě a 
rozdílným vazebným vlastnostem ve vztahu ke studovaným ligandům. 
ABSTRACT 
The free metal ion concentration is often only a small fraction of the total metal 
concentration in the environment. Despite their small amount, in most of the circumstances 
the free metal ion concentration is the key factor in determining metal bioavailability and 
toxicity for the organisms. The Donnan membrane technique is able to measure the free metal 
ion concentration and in this thesis, it is validated for metal mixtures (Pb + Cu) in absence and 
presence of small organic ligand mixtures. Lead and copper are environmental relevant metals 
due to their toxic properties and different binding properties relative to the studied ligands.  
 
 
 
KLÍČOVÁ SLOVA 
Měď, olovo, biodostupnost, DMT, AAS 
 
KEYWORDS 
Copper, lead, bioavailability, DMT, AAS 
  
4 
 
MELECSKE, Á. Biodostupnost kovových spécií ve vodním ekosystému. Brno: Vysoké 
učení technické v Brně, Fakulta chemická, 2012. 44 s. Vedoucí diplomové práce prof. 
RNDr. Milada Vávrová, CSc. 
 
 
 
 
 
DECLARATION 
I declare that the diploma thesis has been worked out by myself and that all the quotations 
from the used literary sources are accurate and complete. The content of the diploma thesis is 
the property of the Faculty of Chemistry of Brno University of Technology and all 
commercial uses are allowed only if approved by both the supervisor and the dean of the 
Faculty of Chemistry, BUT. 
 
 
…………...………………………. 
                                                                                                      Student’s signature 
 
 
 
 
Acknowledgement 
My thesis has been written during my Erasmus work placement in Lisbon, Portugal. All 
the experiments have been carried out in Instituto Superior Técnico, under the supervision of 
Dr. Rute Isabel Ferreira Domingos. I am deeply indebted to her help, stimulating suggestions 
with my thesis and for the encouragement during my 6 months stay in Lisbon, where at my 
daily work I have been blessed with a friendly and cheerful group.  
5 
 
1. CONTENT 
 
1. CONTENT ........................................................................................................................ 5 
2. INTRODUCTION ............................................................................................................ 7 
3. THEORETICAL PART .................................................................................................... 8 
3.1. Metals ...................................................................................................................... 8 
3.1.1. Toxicity and essentiality of metals ................................................................ 8 
3.1.2. Environmental sources of metals ................................................................... 8 
3.1.3. Copper ............................................................................................................ 9 
3.1.4. Lead ................................................................................................................ 9 
3.1.5. Metal speciation and bioavailability ............................................................ 10 
3.2. Donnan membrane technique ................................................................................ 12 
3.2.1. The equilibrium Donnan membrane technique ............................................ 13 
3.2.2. The flux Donnan membrane technique ........................................................ 15 
3.3. Chemical properties of the ligands ........................................................................ 18 
3.4. Auxiliary technique – Atomic absorption spectroscopy ....................................... 20 
3.4.1. Absorption .................................................................................................... 20 
3.4.2. Instrumentation ............................................................................................ 21 
4. EXPERIMENTAL PART ............................................................................................... 26 
4.1. DMT Set-up ........................................................................................................... 26 
4.2. Calibrating of the pH electrode ............................................................................. 27 
4.3. Quantification of the free metal using FDMT ....................................................... 27 
4.3.1. Experiment 1 – Reproducibility of the Cu calibrations ............................... 27 
4.3.2. Experiment 2 – Metal mixtures in absence of ligand .................................. 28 
4.3.3. Experiment 3 – Metal mixtures in presence of one ligand .......................... 29 
6 
 
3.3.4 Experiment 4 – Metal mixtures in presence of two ligands ......................... 29 
4.4. Quantification of the FDMT samples using the GF-AAS ..................................... 30 
5. RESULTS AND DISCUSSIONS ................................................................................... 32 
5.1. Reproducibility of the Cu calibrations at various pH values ................................. 32 
5.2. The influence of the competitor concentration ...................................................... 33 
5.3. Determination of the transport limiting case for Cu and Pb .................................. 34 
5.4. Calculation of the free metal ion concentration .................................................... 36 
5.5. Influence of the complexes lability on the diffusion process ................................ 38 
6. CONCLUSIONS ............................................................................................................ 40 
7. LIST OF SYMBOLS ...................................................................................................... 41 
8. REFERENCES ............................................................................................................... 42 
 
 
  
7 
 
2. INTRODUCTION 
 
The development and expansion of the urbanization and industrialization are one of the 
main contributors to the increased level of trace metals in the environment. Trace metals can 
be transported through the geochemical and biological cycles, and be bioaccumulated by the 
organisms provoking toxicity. 
Trace metals vary widely in their biological, chemical and physical properties and can be 
found in several physicochemical forms, the so-called chemical speciation. In fact, in most 
aquatic ecosystems only very small proportions of dissolved metals are present as free 
hydrated ions with the majority of the metal being complexed by ligands or being adsorbed on 
the surfaces of particles and colloids.  
It has been recognized that metal speciation is a key point on the bioavailability of trace 
metals. The free-ion activity model (FIAM) and the biotic ligand model (BLM) have been 
increasingly used to describe the relationships between chemical speciation and biological 
availability [1]. Both models predict that the bioavailable free metal ion, rather than the total 
metal concentration, is the determinant specie of the metal bioaccumulation and toxicity. 
Therefore, in order to correctly monitor potential metal effects, it is necessary to determine 
metal speciation and not simply total metal concentrations. 
Several techniques are able to measure free metal ion concentration such as ion-selective 
electrodes (ISE) [2], permeation-liquid membrane (PLM) [3], and Donnan membrane 
technique (DMT) [4].  
ISE is the most commonly employed potentiometric method, but its sensitivity is most of 
the times too low to be useful for metal speciation in environmental samples and may also 
suffer from interferences. PLM is a technique that combines the potential to perform dynamic 
speciation and high sensitivity but has the disadvantage that it can be used only for metals that 
are complexed by the metal carrier that impregnates the membrane. DMT can be used to 
measure many different elements in a single sample. 
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3. THEORETICAL PART 
 
3.1. Metals 
3.1.1. Toxicity and essentiality of metals 
Metals are natural components of the Earth's crust. Some of them are essential for survival 
and health of animals and humans. If any of the essential metals such as iron, copper, 
manganese and zinc, are eliminated from our nutrition we would suffer from several diseases 
because they are essential to maintain the metabolism of the human body [5]. 
Not all metals are essential and some belong to the list of toxic metals causing harm to the 
environment and organisms, because they are not biodegradable, or metabolized by the body 
being accumulated in the soft tissues. Heavy metals may enter the human body through food, 
water, air, or absorption through the skin when they come in contact with humans, e.g., in 
agriculture, manufacturing, pharmaceutical, industrial, or residential settings [6]. 
3.1.2. Environmental sources of metals 
“Natural” levels of most of the metals in seawater, drinking water, plants, and animals are 
usually very low. There are some exceptions where higher than tolerable levels of metals can 
occur naturally such as volcanic eruptions. However, metals can also be released into the 
environment by anthropogenic (human-induced) activities, which lead to higher than tolerable 
toxic levels (Figure 1). Once this happens, metal pollution is sets in [7]. 
 
Figure 1 – Typical sources of metals release are municipal wastewater-treatment plants, 
manufacturing industries, mining, and rural agricultural cultivation and fertilization. Heavy 
metals are transported as either dissolved species in water or as an integral part of 
suspended sediments; they may be volatilized to the atmosphere or stored in riverbed 
sediments [8]. 
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Two metals are of interest in this project, copper and lead. They were selected because of 
their variable toxicity and essentiality to various organisms and also due to their high 
concentration on Tagus River (Portugal), for where a BLM is being developed. 
 
3.1.3. Copper 
Copper can be released into the environment by both natural sources and human activities. 
Examples of natural sources are wind-blown dust, decaying vegetation, forest fires and sea 
spray. A few examples of human activities that contribute to copper release are mining and 
metal production. Among industrial sources the main contribution comes from metal pickling 
baths, copper and plating baths, wastewaters; pulp and paper mills [5]. Most copper is used 
for electrical equipment, construction, such as roofing and plumbing; industrial machinery 
like heat exchangers and alloys. Copper is ideal for electrical wiring because it is easily 
worked, can be drawn into fine wire, and has a high electrical conductivity.  
The world's copper production is still rising. This basically means that more and more 
copper ends up in the environment. Rivers are depositing sludge on their banks that is 
contaminated with copper, due to the disposal of copper-containing wastewater. When copper 
ends up in soil it strongly attaches to organic matter and minerals. As a result it does not travel 
very far after release and it hardly ever enters groundwater. In surface water copper can travel 
great distances, either suspended on sludge particles or as free ions [9].  
In human beings the acute and chronic manifestations of copper poisoning are dependent 
on the mode of contact and the surroundings in which this contact occurs. Long-term 
exposure to copper can cause irritation of the nose, mouth and eyes and it can cause 
headaches, stomachaches and dizziness. Intentionally high uptakes of copper may cause liver 
and kidney damage and even death.  
Copper causes significant effect on growth, photosynthesis and oxygen evolution in algae 
species. The toxicity for freshwater fish varies widely among various species; it depends on 
factors like availability of copper to the fish, quality of water, age, weight, etc. It may cause 
several abnormalities in behavior, osmoregulation, respiration, hematological parameters and 
biochemical processes [9]. 
 
3.1.4. Lead 
Lead is a soft metal that has known many applications over the years. Tetraethyl lead, 
which is used in some grades of petrol (gasoline), is being phased out on environmental 
grounds. Lead is also a major constituent of the lead-acid batteries used extensively in cars. In 
car engines lead is burned, so that lead salts will be originated entering on the environment 
[10]. It is used as a coloring element in ceramic glazes. It is the traditional base metal for 
organ pipes, and it is used as an electrode in the electrolysis process. One of its major uses is 
on the glass of computers and television screens, where it shields the viewer from radiation. 
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Other uses are in sheeting, cables, solders, lead crystal glassware, ammunitions, bearings and 
as weight in sport equipment. 
Lead occurs naturally in the environment; however, a big percentage can be a result of 
human activities. Of the known aquatic releases of lead, the largest ones are from the steel and 
iron industries, lead production and processing operations. Urban runoff and atmospheric 
deposition are also significant indirect sources of lead [5]. 
Lead can enter in the drinking water through corrosion of pipes, which is more likely to 
happen when the water is slightly acidic. This is one of the mains reasons for the pH-
adjustments in water that will serve drinking purposes. 
Lead is one of the metals that can have the most damaging effects on human health such as 
disruption of the biosynthesis of hemoglobin, a rise in blood pressure, kidney damage, 
disruption of the nervous system, brain damage and behavioral disruptions of children. 
Toxic effects on shellfish can take place even when only very small concentrations of lead 
are present. Body functions of phytoplankton can be disturbed when lead interferes. 
Phytoplankton is an important source of oxygen production in the sea and many larger sea-
animals eat it [11]. 
 
3.1.5. Metal speciation and bioavailability 
In the aquatic environment these metals can occur in soluble, colloidal or suspended states, 
they can vary widely in their biological, chemical and physical properties and can be found in 
several physicochemical forms, the so-called chemical speciation (Figure 2). Chemical 
speciation describes the composition (i.e. types and concentration of chemical compounds) of 
an aqueous solution [12]. The significance of chemical speciation for the environmental 
science lies in its usefulness as a tool for the interpretation of chemodynamic properties and 
toxicity of chemical compounds.  
Solubility of metals in water depend upon the pH, chelating agents, concentration of 
ligands, oxidation states and redox environment; at low pH and especially in aerobic 
conditions most of the metal remains in a soluble free state. With the increase of pH, first 
carbonates, oxides and hydroxides of metals are formed, which may settle down as insoluble 
precipitates. Many metals in waters can also form organometallic compounds, coordination 
compounds and salt of organic acids [13]. 
In surface and ground water, bioavailability is a complex function of many factors 
including total concentration and speciation (physical-chemical forms) of metals, mineralogy, 
pH, redox potential, temperature, total organic content (both particulate and dissolved 
fractions), and suspended particulate content, as well as volume of water, water velocity, and 
duration of water availability. In addition, wind transport and removal from the atmosphere by 
rainfall (frequency is more important than amount) must be considered. Many of these factors 
vary seasonally and temporally, and most factors are related. Consequently, changing one 
factor may affect several others. In addition, generally poorly understood biological factors 
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seems also strongly influence the bioaccumulation of metals and even inhibit the prediction of 
metal bioavailability [14]. 
 
 
Figure 2 – Metals (M) can exist in a variety of distinct chemical forms. The relative 
concentrations depend, amongst other factors, on the composition of the system, pH, 
temperature, ionic strength and time [14]. 
 
The free metal ion (the most toxic specie) quantification is crucial in order to assess the 
potential risk of the contaminated water. Chemical speciation can be determined 
experimentally or be estimated computationally. Several geochemical speciation models are 
used for calculation of the free metal ion concentrations. In this thesis Visual MinteQ, version 
2.5.3 has been used [15]. Visual MinteQ is a freeware chemical equilibrium model for the 
calculation of metal speciation, solubility equilibria, sorption etc. 
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3.2. Donnan membrane technique  
Among the speciation techniques that are able to measure the free metal ion concentration, 
the Donnan membrane technique (DMT) has the advantage that it can measure many different 
free metal ion concentrations simultaneously in a multicomponent sample with a 
minimization of the substrate disturbance. DMT has been applied to several systems, like 
surface waters, soil solutions, and manure slurry [16]. DMT has been developed to measure 
free divalent cations such as Cd
2+
, Pb
2+
, Cu
2+
, and Zn
2+
, but the technique can in principle be 
applied to all divalent cations [17]. 
In the DMT two solutions are used: the donor solution that contains the free metal ions and 
their complexes, and the acceptor solution, in which the initial composition can be selected 
with an electrolyte concentration approximately the same as the donor solution (Figure 3). 
The donor and the acceptor sides are separated by a negatively charged semipermeable 
cation exchange membrane, which is a matrix of polystyrene and divinylbenzene, with 
sulphonic acid groups, and is fully deprotonated at pH > 2. The negative electric potential in 
the membrane allows free cations to pass through the membrane [18]. 
 
 
Figure 3 – Schematic picture of the DMT setup [12]. 
 
The structure of the membrane (Figure 4) leads to a reduction of the surface area available 
to diffusion, due to an irregular-shape of the nanosized pores and a tight matrix around these 
pores, and consequently, the diffusion of water and ions are probably not possible. As a result, 
this membrane can be considered as a Donnan phase; a phase with immobile charge in the 
matrix and placed in an electrolyte solution where all the charge carried by the membrane 
material is homogeneously distributed [19].  
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Figure 4 – Electron microscope image of the membrane surface [19]. 
 
The overlapping double layers in the narrow pores will lead to a Donnan potential () that 
depends on the charge density of the membrane (q), the Donnan volume (VDonnan) and the salt 
level. The volume of the Donnan phase results from the product of the effective surface area 
(Ae) with the membrane thickness (m) (Table 1). 
 
Table 1 – Parameters of the cation exchange membrane (55165 2U, BDH) [18]. 
weight 
density 
(g m
-2
) 
charge 
density 
(mmol g
-1
) 
thickness, 
m 
(m) 
surface area of 
the membrane, Am 
(m
2
) 
volume of the 
membrane, Vm 
(l) 
140 -0.8 1.610-4 7.010-4 1.1210-4 
 
3.2.1. The equilibrium Donnan membrane technique 
The standard DMT measurement is made once the equilibrium has been attained between 
the two compartments, which is typically of the order of a few days. When the equilibrium is 
reached, the free metal ion concentration in the acceptor and in the donor will be identical 
[19]. 
The membrane, which at the start of the procedure is normally in equilibrium with the 
chosen salt solution used in the acceptor solution, will promote the rate of equilibrium 
between the cations on each side of the membrane, whereas it strongly restricts the rate of 
transport of the anionic species. If the salt concentrations of the donor and acceptor solutions 
are equal, they will result in equal concentrations of the free metal ions in both sides of the 
membrane. The equilibrium that is reached is called Donnan equilibrium. 
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The main limitations of the technique are:  
 long equilibration time (a few days), and  
 relatively large detection limit, which also depends on the analytical technique used to 
measure the metal ion concentration in the acceptor side [20]. 
 
The addition of a complexing ligand to the acceptor solution allows the decrease of the 
detection limit of the equilibrium DMT; it will improve the accumulation of the ions of 
concern to a measurable concentration. As far as the amount of the chosen ligand and the 
complexation constants are known, the free ion concentration in the acceptor can be 
calculated using the total ion concentration in the acceptor [21]. 
When the Donnan membrane equilibrium is reached, the free ion concentration in the 
sample can be derived from the free ion concentration in the acceptor based on the Donnan 
membrane equilibrium principle, which says that, at the Donnan membrane equilibrium, the 
activity ratios (corrected for charge) of the ions in the solution on the two sides of the 
membrane are equal: 
 
    ji zAjDj
z
AiDi aaaa
/1
,,
/1
,, //       (Equation 1) 
where, ai,D and ai,A are the activities of the cations i in the donor and acceptor solutions, 
respectively, zi is its charge, and aj,D, aj,A and zj are the analogous quantities for the cation j 
[19]. 
However, to be able to apply such an approach, the condition of the (pseudo) Donnan 
membrane equilibrium has to be obeyed and the time needed to reach the equilibrium is in 
practice an important issue. It is expected that addition of ligands in the acceptor will 
influence the time to reach equilibrium. In natural samples, inorganic and organic ligands are 
also present forming complexes with the ions in the sample solution. It is not well understood 
how the presence of these ligands will influence the speed of the ion transport in the DMT 
measurement. For the application of the DMT to natural samples, knowledge of the basic 
transport phenomena of trace ions in the membrane analysis under conditions relevant to 
environmental systems is essential [19]. 
Since the values of some parameters are not well-known, a new methodology has been 
developed that can be used to derive estimate of these unknown parameters and that lead to a 
method with a lower detection limit and more rapid throughput. This new modification is 
called the flux Donnan membrane (FDM) [4]. 
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3.2.2. The flux Donnan membrane technique 
The flux Donnan membrane system can be represented by five zones (Figure 5):  
 bulk solution on the donor side, 
 diffusion layer at the donor-membrane interface, 
 the cation exchange membrane, 
 diffusion layer at the membrane-acceptor interface, 
 the bulk solution on the acceptor side (there is no concentration gradient in the acceptor 
or donor bulk solutions because these are kept well-mixed by continuous circulation). 
 
 
Figure 5 – Concentrations profiles for the metal ion in different types of steady-state 
transport situations: (a) diffusion in the diffusion layer flux-determining, (b) case of mixed 
control by diffusion in the solution and in the membrane and (c) diffusion in the membrane 
flux-determining. CD, CM and CA are the metal concentrations in the donor side, membrane and 
acceptor side, respectively [22]. 
 
When there is no ligand on the acceptor side and the salt concentration is not very high, the 
concentration gradient in the membrane (a Donnan phase) for cations is much larger than the 
concentration gradient in the diffusion layer. Therefore, for cations, diffusion at the 
membrane-acceptor interface is usually the rate-limiting step under these conditions. 
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Addition of a ligand to the acceptor side influences the transport. Cation transport can then 
be limited either by diffusion in the donor solution or by diffusion in the membrane depending 
on the complexation factor Pi (the ratio of total to free concentration of ion i) and the ionic 
strength. 
If we assume that the diffusion coefficients of all ionic species are the same as the 
diffusion coefficients of the free ions (Di) the flux through the solution diffusion layer is given 
by [4]: 
 
 




 iii
toti
isoi
C
PD
C
DJ .
,
ln,       (Equation 2) 
 
And the diffusive flux through the membrane is [4]: 
 
m
iz
mimi
C
BDJ i


 .,,  , with 
i
i
mi
D
D

,      (Equation 3) 
 
where, B is the Boltzmann factor, which can be calculated from the charge density of the 
membrane and the ionic strength, Ci is the free concentration of ion i in solution (mol l
-1
), Ci,tot 
is the total concentration of ion i in solution (mol L
-1
), Di,m is the apparent diffusion 
coefficient of ion i in the membrane (m
2
 s
-1
), i is the tortuosity factor for ion i in the 
membrane, Ji,soln is the flux of ion i in solution (mol m
-2
 s
-1
), Ji,m the flux of ion i in the 
membrane (mol m
-2
 s
-1
),  is the thickness of diffusion layer in solution (m). 
When the system is far from the Donnan equilibrium, the free metal on the acceptor side is 
much smaller than the free metal on the donor side, and thus ion transport in the Donnan 
membrane can be approximated using the classical linear driving force approximation of 
equations 2 and 3. 
When the transport is controlled by diffusion in solution, the ratio of total metal ion 
concentration on the acceptor side versus total concentration on the donor side can be 
calculated by [4]: 
 
tA
C
C
Dtoti
Atoti
.1
,,
,,
  , with 
.
.
1
A
ie
V
DA
A        (Equation 4) 
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where, VA is the total volume of the acceptor solution (m
3
). 
 
When transport is controlled by diffusion within the membrane, then the ratio of total 
concentration on the acceptor side versus the free concentration on the donor side can be 
calculated by [4]: 
 
, ,
2
,
.
i tot A
i D
C
A t b
C
   , with 
 ..
..
2
mA
z
ie
V
BDA
A
i
  (Equation 5) 
 
In this work a strong ligand (EDTA) was always added to the acceptor solution. Then the 
transport is always controlled by diffusion either in the membrane or in the donor solution. 
A tortuosity factor () of 20 is usually used for the calculations [18]. The thickness of the 
solution diffusion layers () on both sides of the membrane was taken as 0.1 mm, and the 
thickness of the membrane (m) was taken as 0.16 mm. For a given background electrolyte 
concentration, decreasing the ionic strength results in a change from membrane controlled 
transport to solution-controlled transport. The latter increases in importance as the ionic 
strength decreases. The ionic strength has to be much higher when using a monovalent 
electrolyte in order to have a system that is not dominated by diffusion in solution. 
To be able to apply the listed equation, values of A1 or A2 (depending of the rate-limiting 
transport), or the parameters needed to derive them, need to be known. One possibility is to 
derive these values from calibration curves that relate the donor-acceptor concentrations as a 
function of time.  
The concept of lability is important for dynamic metal speciation techniques such as FDM. 
Complexes are labile if the kinetic flux toward an interface, due to the net dissociation of 
complexed metal ions, is much larger than the diffusive flux of the complex (i.e., diffusion of 
the metal ion becomes rate-determining). Then the thermodynamic equilibrium of the 
complex dissociation is maintained up to the surface and all the metal is available for uptake. 
Complexes are non-labile if they do not have time to dissociate within this time scale and then 
only the free metal ion is available for uptake [23]. 
For a given complex, the lability criterion, L, represents the ratio of the flux that would 
result from the kinetically limited dissociation of the metal complex to that expected when the 
rate of metal ion transport is purely due to a diffusion-controlled flux. When the transport is 
controlled by diffusion in solution and if the complex is labile (L » 1) both labile complexes 
and the free metal ion will contribute to the flux, whereas if the complex is inert (L « 1) only 
the free metal ion will contribute. When transport is membrane controlled, then only the free 
metal ion contributes to the flux. The lability parameter has to be estimated from a theoretical 
basis in order to interpret the measured free concentrations [18]. 
18 
 
 'L K          (Equation 7) 
where  
1 2
'
M aD k  , ka is the overall association rate constant times the deprotonated ligand 
concentration, K is the stability constant for the M-ligand complex, and  is ML MD D . 
 
3.3. Chemical properties of the ligands 
Three small organic ligands were chosen in order to validate the FDMT; citric acid, 
glycine and nitrilotriacetic acid. 
Citric acid (2-hydroxypropane-1,2,3-tricarboxylic acid) is a weak organic acid, and 
belongs to the carboxylic acid family. It exists in all plants (especially lemons and limes) and 
in many tissues and fluids. In biochemistry, citric acid is involved in an important metabolism 
of almost all living things; the Krebs cycle, a part of the process by which animals converts 
food to energy. 
 
 
Figure 6 – Citric acid [24]. 
 
The three carboxyl groups lose protons in solution, resulting in an excellent pH control as a 
buffer in acidic solutions. It is used as a stabilizing agent and buffer in food industry, in metal-
cleaning compositions as it chelates metals. Citrates are formed by replacing the acidic one, 
two, or all three of the carboxylic hydrogens in citric acid by metals or organic radicals to 
produce an extensive series of salts and esters [24]. 
Glycine (aminoacetic acid) is both a protein aminoacid and a neurotransmitter in the 
central nervous system. It is unique among the proteinogenic aminoacids in that it is not 
chiral. The formation of metal complexes is often highly dependent on the pH of the solution. 
This is because there is a competition for the ligand between the metal ion and the proton as 
they both bind to the same atoms of the ligand. At low pH, the metal ion has to displace a 
proton from the amine N in order to form a stable complex [25]. 
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Figure 7 – Glycine [25]. 
 
Nitrilotriacetic acid (NTA) is one of the simplest aminopolycarboxylic acids, which, in the 
fully deprotonated form, can act as a general sequestering agent for all metal ions. This is due 
to the presence of one selective N donor and of three general O donors which can form, by 
coordination, three stable 5-membered chelate rings. Because of the presence of a basic 
nitrogen atom, its sequestering tendency is strongly dependent on the pH value of the 
solution. NTA can sequester metal ions to form water-soluble complexes; it is an important 
chelating agent, with many industrial applications. NTA is present in the environment 
primarily as a result of its release in sewage. It biodegrades readily and, under certain 
conditions, is broken down by photochemical and chemical reactions. Most NTA-metal 
complexes degrade rapidly. NTA is present in drinking water primarily in the form of metal 
complexes, rather than as the free acid. The amount of NTA complexed with metal ions is 
dependent on the concentrations of the metal ion, NTA
3- 
and H
+
, as well as the formation 
constants of the various complexes [26]. 
 
 
Figure 8 – Nitrilotriacetic acid [27]. 
 
In the acceptor solution was used the ethylenediaminetetraacetic acid (EDTA), which is a 
polyprotic acid containing four carboxylic acid groups and two amine groups with lone pair 
electrons. Besides the four carboxylic group hydrogens, EDTA can add two more hydrogens 
onto the amine groups. 
The unusual property of EDTA is its ability to chelate or complex metal ions in 1:1 metal-
to-EDTA complexes. Because of its strong complexing ability for most metal ions, it is used 
in the food industry as a sequestering agent [28]. 
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Figure 9 – EDTA [28]. 
 
 
3.4. Auxiliary technique – Atomic absorption spectroscopy  
The metal ion concentrations on the acceptor and donor sides were measured using the 
graphite furnace atomic absorption spectroscopy technique (GF-AAS). 
AAS is a technique for determining the concentration of a particular metal element within 
a sample. It can be used to analyze the concentration of over 62 different metals in a solution 
[29].  In this technique the light of a hollow cathode lamp (with a specific wavelength for the 
element to be analysed) passes through the atomic vapour of the element of interest, which 
absorbs the light. This absorption is measured by a detector, and used to calculate the 
concentration of the element in the sample [30]. 
Quantitative analysis by AAS depends on: 
 the accurate measurement of the intensity of the light, and 
 the assumption that the radiation absorbed is proportional to the atomic concentration.  
 
3.4.1. Absorption 
Free atoms in the gas phase can be transferred into higher energy states by the supply of 
energy in the form of electromagnetic radiation. Electrons are transferred from the outer shell 
to higher energy levels and the atom into an excited state. Only radiation of well defined 
wavelengths can be absorbed, as an atom in the ground state can take up just given values of 
energy. The reduction in the radiation intensity of a selected line is correlated via the 
absorbance, A, with the number of absorbing atoms in the absorption volume, and hence with 
the concentration of the element in the sample. This process is the basis for a quantitative 
determination of an element in a sample to be investigated [28]. 
The absorption that takes place in an atomic absorption system follows the Beer-Lambert 
law, which says that the absorbance is proportional to the thickness of the absorbing layer and 
the concentration of the absorbing matter. The molar absorbance coefficient is specific for the 
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absorbing matter and under stable external conditions, a concentration-independent constant 
that can be used to characterize the absorbing species: 
0log
d
I
A C d
I
    
     
where, I0 is the intensity of light falling on a solution (incident), Id is the intensity of light 
leaving solution (transmitted),  is the molar absorbance coefficient, C is the molar 
concentration, and d is the thickness of the absorbing layer. The Beer-Lambert Law can be 
strictly applied only for monochromatic radiation and ideally diluted solutions [30]. 
Spectral interferences may be encountered when the absorption line of a concomitant 
element overlaps with the radiation emitted by the lamp. The results of the determination are 
too high in this case because of the contribution of the matrix element. Background absorption 
is a form of spectral interference that is due to non specific absorption of radiation, resulting 
in an excessively high signal. The recorded signal consists of the analyte-specific absorption 
and the non-specific absorption of the background. The use of the Zeeman Effect may be 
applied to correct that. 
Graphite furnace atomic absorption spectroscopy is a highly sensitive spectroscopic 
technique that provides excellent detection limits for measuring concentrations of metals in 
aqueous samples. 
 
3.4.2. Instrumentation 
 
 
Figure 10 – Instrumentation of the AAS [31] 
 
Hollow cathode lamp 
The hollow cathode lamp (HCL) is the most common light source in AAS (Figure 11). It 
basically consists of a glass cylinder that contains a cathode and an anode. The glass cylinder 
itself is filled with neon or argon with a pressure of a few millibars. The cathode has the shape 
of a hollow cylinder and either consists of, or is filled with, the element of interest. Applying 
a voltage of several hundred volts, a glow discharge develops between the electrodes. A flow 
of positive gas ions impacts on the cathode, sputtering atoms from its surface, which are 
excited emitting the spectrum of the cathode material. Because of the lower pressure and 
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lower temperature in a HCL, compared to that in the atomizer, the width of the lines emitted 
by the radiation source is significantly smaller than that of the absorption lines [30].  
 
Figure 11 – Hollow cathode lamp [30]. 
Atomization 
In the graphite furnace the liquid sample is placed on a small platform in the furnace and 
heated in a series of programmed steps to dry, pyrolyze and ultimately atomize the sample. 
The graphite furnace is an electrothermal atomizer system that can produce temperatures as 
high as 3 000°C. The heated graphite furnace provides the thermal energy to break chemical 
bonds within the sample and produce free ground-state atoms. Ground-state atoms then are 
capable of absorbing energy, in the form of light, and are elevated to an excited state. The 
amount of light energy absorbed increases as the concentration of the selected element 
increases.  
Frequently, a matrix modifier is added to the sample prior to heating so that the chemical 
form of the analyte is controlled during the heating sequence. Using time-controlled stepwise 
heating of the graphite tube the sample solution is first dried, and then the matrix can be 
destroyed or removed, until finally the element of interest is atomized [32]. 
The graphite tube is permanently flushed with argon or nitrogen while it is in operation. 
The protective gas flow efficiently prevents entrance of air, and hence guarantees long 
lifetime of the graphite tube and an undisturbed determination. Integrated water cooling 
provides rapid cooling of the graphite tube after the operating voltage has been switched off to 
provide high sampling frequency. 
The actual electrothermal atomization is carried out according to a temperature program 
(TP) (Figure 12). The goal of the method development is the removal of the matrix as much 
as possible without volatilizing the analyte [30]. 
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Figure 12 – Temperature program in the graphite furnace technique [30]. 
 
A temperature program consists of: 
 drying (removal of the solvent), 
 pyrolysis (thermal pre-treatment in order to remove matrix components), 
 atomization (generation of atoms in the ground state), and 
 cleaning (removal of residual matrix or analyte). 
 
For each stage of the TP it is necessary to select the heating rate and the hold time at the 
selected temperature. The atomization temperature depends on the chemical form of the 
element and on the matrix, and should be optimized for each analytical task. The atomization 
time should be chosen as short as possible, as it also has an influence on the lifetime of the 
tubes. It is important that the analyte signal returns to the baseline during the atomization 
cycle in order to avoid memory effects [30]. 
The use of a graphite tube with an integrated platform (Figure 14), instead of an 
atomization from the tube wall, is a condition for a GF-AAS determination without or with a 
minimum of interferences.  
The connection between the platform and the tube is realized with a stud (PIN). This way 
the platform is only heated by thermal radiation and not by an electrical current. Because of 
the relatively slow transfer of thermal energy analyte atomization is delayed until a thermal 
equilibrium has established in the atomizer. The use of transversely heated tubes in addition 
also creates a spatial thermal equilibrium, as these tubes have the same temperature over their 
entire length.  
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Gas phase interferences and dissociation interferences are minimized or eliminated this 
way. With an integrated platform it is often possible to control the vaporization of analyte and 
matrix components via the temperature program in a way that atomization and background 
signal are separated in time. This allows a significant reduction of matrix effects on the 
analyte signal. 
The internal purge gas flow through the graphite tube must be interrupted short before and 
during atomization. This avoids that the cold gas interferes with the thermal equilibrium in the 
graphite tube and guarantees the longest possible residence time of analyte atoms in the 
absorption volume. There is no risk of analyte or matrix condensation at cool parts if 
transversely heated tubes are used. The loss of analyte atoms in this case is only through 
diffusion [32]. 
 
Figure 13 – Graphite furnace (a) and graphite tube (b) [33]. 
 
Monochromator 
The function of the monochromator is to isolate light emitted from the primary radiation 
source and to isolate the most intense resonance line from non-absorbing lines close to it. 
Detector 
The detector measures the intensity of the light radiation falling on it and the most 
common type is the photomultiplier (Figure 14). 
This type of detector is an electronic tube that is capable of converting a photon current 
into an electrical signal and of amplifying this signal. It consists of a photo cathode and a 
secondary electron multiplier. The photons impact on the photo cathode and sputter electrons 
from its surface. These electrons are accelerated in an electrical field and impact on other 
electrodes, so-called dynodes, from the surface of which each impacting electron sputters 
several secondary electrons. This cascade effect results in a significant increase in the number 
of electrons. In order to function this way, the dynodes have to be on an increasingly positive 
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potential. At the end the electrons impact on an anode and flow off to the mass. The resulting 
current is measured [29]. 
 
 
Figure 14 – Operation principle of a photomultiplier [30]. 
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4. EXPERIMENTAL PART 
 
4.1. DMT Set-up  
Cylindrical cells made in Perspex were used to perform the DMT experiments, each with 
an inlet and an outlet flow (Figure 15). The donor and the acceptor solutions were circulated 
constantly by pumping using a peristaltic pump Ismatec Fixo with two channels, and Tygon 
tube, 2.06 mm ID, from Ismatec.  
The DMT cell, test tubes, bottles and pump tubes were washed before use with 0.1 M 
HNO3 (suprapur, Merck) and MilliQ water. The membranes were washed with 0.1 M HNO3, 
and shaken in 1 M Ca(NO3)2 (ACS reagent, Sigma-Aldrich), which allows the saturation of 
the membranes with calcium ions. After saturating with calcium, they were washed with 
MilliQ water and shaken in a 10
-5
 M Ca(NO3)2 solution for 30 minutes (the same 
concentration used in the donor side). The pH of the solution was measured in order to ensure 
good equilibration (no further proton release, pH ≈ 5) with the calcium solution. All 
chemicals used were analytical pure. 
During the DMT experiments, both the donor and the acceptor solutions were circulated 
constantly by pumping at 4.2 ml min
-1
. At sampling time, the pump was stopped and an 
aliquot of each solution (1 ml of sample) was taken and acidified (2 % HNO3) with HNO3.  
The total volume of the acceptor was 26 ml whereas for the donor the volume used was 
500 ml. A large donor volume was used to ensure that metal accumulation by the membrane 
is very small as compared to the total metal concentration in the donor solution guaranteeing 
that changes in the metal concentration would be negligible. 
 
Figure 15 – Donnan membrane technique: 1 – acceptor solution, 2 – donor solution, 3 – 
peristaltic pump, 4 – Donnan membrane cell. 
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4.2. Calibrating of the pH electrode 
During all DMT experiments, the pH of both solutions has been measured. The pH meter 
consists of a combined glass electrode (Radiometer) connected to a voltmeter (Denver 
Instrument) that measures and displays the pH (Figure 16). 
 
 
Figure 16 – The combined glass electrode [34]. 
 
The pH meter was calibrated before each measurement using two standard buffer solutions 
at pH 7 and pH 4.  
 
4.3. Quantification of the free metal using FDMT 
FDMT experiments were performed in different physicochemical conditions with the 
single metal (Cu or Pb, both Standard for AAS from Fluka) and the metal mixture (Cu+Pb) in 
absence and presence of small organic ligands in the donor solution. The total ionic strength 
in both solutions (donor and acceptor) was 0.01 M.  
 
4.3.1. Experiment 1 – Reproducibility of the Cu calibrations 
The reproducibility of the FDMT calibrations in presence of Cu was studied at pH 4.0, 6.0 
and 8.0 (two replicates were done for each experiment). The conditions used are described in 
Table 2. 
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Table 2 – Conditions used on the study of the reproducibility of FDMT calibrations in 
presence of Cu. 
 Donor Acceptor 
 pH 4 pH 6 pH 8 pH 6 
VH2O 500 ml 500 ml 500 ml 22.5 ml 
CM,total 510
-7
 M 510-7 M 510-7 M - 
CM,stock 110
-4
 M 110-4 M 110-4 M - 
VM,stock 2.5 ml 2.5 ml 2.5 ml - 
CCa(NO3)2,total 110
-5
 M 110-5 M 110-5 M 110-3 M 
CCa(NO3)2,stock 110
-
2 M 110-2 M 110-2 M 110-2 M 
VCa(NO3)2,stock 500 l 500 l 500 l 2500 ml 
CNaNO3,total 110
-2
 M 310-3 M 910-3 M - 
CNaNO3,stock 1 M 1 M 1 M - 
VNaNO3,stock 5 ml 1.5 ml 4.5 ml - 
CBuffer,total - 110
-2
 M 110-2 M 110-2 M 
CBuffer,stock - 1 M 1 M 1 M 
VBuffer,stock - 5 ml 5 ml 25 l 
CEDTA,total - - - 310
-3
 M 
CEDTA,stock - - - 0.1 M 
VEDTA,stock - - - 750 l 
 
The experimental media contained the following buffers in order to maintain the pH during 
all experiments: MES (2-(N-morpholino)ethanesulfonic acid, Sigma) for experiments 
performed at pH 6 and MOPS (3-(N-morpholino)propanesulfonic acid, Sigma) when 
experiments were performed at pH 8.0. The conditions chosen are related with the study that 
is being performed with the unicellular green alga Chlamydomonas reinhardtii, where the 
bioavailability and toxicity of single metals and metal mixtures in absence and presence of 
small organic ligands are being determined. 
The pH was adjusted using HNO3 or NaOH (analytical grade, Merck). 
1 ml of sample was taken from the acceptor side at different time intervals; 0-100 min. 1 
ml aliquot was also taken from the donor solution at time 0 min and at the end of the 
experiment. 
 
4.3.2. Experiment 2 – Metal mixtures in absence of ligand 
The conditions used were the same described in Table 2. The pH in both solutions was 
kept at 6.0, and 2 replicates were done for: 
a) total Pb concentration of 510-7 M and total Cu concentrations of 110-7 M, 510-7 M 
and 110-6 M (the competitor), respectively, 
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b) total Cu concentration of 510-7 M and total Pb concentrations of 110-7 M, 510-7 M 
and 110-6 M (the competitor), respectively (Table 3). 
 
Table 3: Total metal concentrations studied in absence of ligands 
 CCu [M] CPb [M] 
1 510-7 110-7 
2 110-7 510-7 
3 510-7 110-6 
4 110-6 510-7 
5 510-7 510-7 
 
1 ml of sample was taken from the acceptor side at different time intervals; 0-180 min. 1 
ml aliquot was also taken from the donor solution at time 0 min and at the end of the 
experiment. 
 
4.3.3. Experiment 3 – Metal mixtures in presence of one ligand 
Donor solutions with the metal mixtures (510-7 M Cu + 110-6 M Pb; 110-6 M Cu + 
510-7 M Pb) in presence of small organic ligands were studied (Table 4). 
Table 4 – Ligand concentrations used on the donor solution. 
a Citric acid (CIT) 510-5 M 
b Glycine (GLY) 110-4 M 
c Nitrilotriacetic acid (NTA) 110-6 M 
 
3.3.4 Experiment 4 – Metal mixtures in presence of two ligands 
Donor solutions with metal mixtures (110-6 M Cu + 510-7 M Pb) in presence of mixtures 
of two small organic ligands were studied (Table 5). 
 
Table 5 – Mixture of ligands and their concentrations used on the donor solution 
a 110-6 M NTA + 510-5 M CIT 
b 110-4 M GLY + 510-5 M CIT 
c 110-6 M NTA + 110-4 M GLY 
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4.4. Quantification of the FDMT samples using the GF-AAS 
The total metal concentrations on the donor and acceptor solutions were quantified using 
the GF-AAS from Thermo Electron Corporation M series, with Zeeman furnace (GF95Z). All 
solutions measured, including the standards used on the GF-AAS calibrations, contained 2% 
HNO3 because most solutions with low ppb concentration range may have hydrolysis and 
absorption effects. All the volumetric flasks and tubes used in the experiments were in plastic. 
In the following tables (Tables 6-9) are described all the conditions used. 
 
Table 6 – Concentrations of the standards used in GF-AAS 
standard CM [M] CCu [ppb] CPb [ppb] 
1 510-9 0.317 1.036 
2 110-8 0.635 2.072 
3 2.510-8 1.588 5.18 
4 510-8 3.177 10.36 
5 7.510-8 4.766 15.54 
6 110-7 6.354 20.72 
7 2.510-7 15.886 51.8 
8 510-7 31.773 103.6 
 
Table 7 – Conditions of the performed measurement by GF-AAS 
 Cu Pb 
Wavelength (nm) 324.8 283.3 
Bandpass (nm) 0.5 0.5 
Lamp current (%) 80 75 
Signal Transient Area Transient Area 
Background correction Zeeman Zeeman 
Cuvette type Platform ELC 
Modifier NH4NO3 NH4H2PO4 
Cmodifier (M) 6.2510
-7
 0.05 
Vmodifier (l) 10 5 
Vsample (l) 10 15 
 
Table 8 – Furnace program for Cu analysis. 
 Temperature (C) Time (s) Gas flow (l/min) 
1 100 30 0.2 
2 850 20 0.2 
3 2100 3 Off 
4 2500 3 0.2 
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Table 9 – Furnace program for Pb analysis. 
 Temperature (C) Time (s) Gas flow (l/min) 
1 100 30 0.2 
2 800 20 0.2 
3 1300 4 Off 
4 2500 4 0.2 
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5. RESULTS AND DISCUSSIONS 
 
5.1. Reproducibility of the Cu calibrations at various pH values 
The reproducibility of the FDMT calibrations in presence of Cu was studied at 3 different 
pH values (4.0, 6.0 and 8.0). As expected from the theory, the ratio of total metal 
concentrations on the acceptor and donor solutions is a linear function of time for all pH 
values. 
 
Figure 17 shows that at pH 6 and 8 and between 0 and 100 min there is no satisfactory 
evidence of the pH influence on the flux through the membrane. The different flux at pH 4 
might be the result of the absence of buffer on the donor solution, which led to the addition of 
NaOH during the experiment time in order to adjust the pH. The absence of buffer at pH 4 can 
result in a different local pH near the membrane changing the speciation and the flux through 
the membrane. 
 
 
 
Figure 17 – Ratio of the total Cu concentrations on the acceptor and donor solutions as 
function of time for a total Cu concentration of 510-7 M on the donor solution at various pH 
values and in absence of metal mixtures (average of two replicates). 
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5.2. The influence of the competitor concentration 
The results shown in Figures 18 and 19 were obtained for the conditions described in 
Table 3, i.e., in presence of the metal mixtures in the donor solution at pH 6.0. 
The figures show that during the studied experimental time the total metal concentration of 
the competitor does not significantly influence the flux of the ion monitored; this confirms 
that is possible to measure free metal concentrations in multicomponent samples with DMT. 
From the figures is also evident that the flux is slower for Pb; a measurable concentration is 
only obtained at 60 minutes for Pb instead of the 20 min obtained for Cu. It is also evident 
that more replicates are needed at least when Pb is used as a competitor. 
 
 
Figure 18 – Ratio of the total Cu  concentrations on the acceptor and donor solutions as 
function of time for a total Cu concentration of 510-7 and Pb (competitor) concentrations of 
110-7(), 510-7 () and 110-6 () M on the donor solution at pH 6.0. 
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Figure 19 – Ratio of the total Pb  concentrations on the acceptor and donor solutions as 
function of time for a total Pb concentration of 510-7 and Cu (competitor) concentrations of 
110-7(),510-7 () and 110-6 () M on the donor solution at pH 6.0. 
 
5.3. Determination of the transport limiting case for Cu and Pb 
The experimental slopes (Aexp) shown in Table 10 have been obtained by studying donor 
solutions with the following metal mixtures in absence of ligands and at pH 6.0: 510-7 M Cu 
+ 110-6 M Pb; 110-6 M Cu + 510-7 M Pb. These results confirm that the Cu flux is 
independent of the initial concentration of metal in the donor solution. However, the Pb flux is 
slightly higher for the highest total Pb concentration. 
 
Table 10 – Aexp values obtained for Cu and Pb in presence of the metal mixtures on the 
donor solution at pH 6.0 (minimum of 8 replicates). 
CCu [M] 510
-7
 110-6 
Aexp,Cu [s
-1
] (5.0 + 2.2)×10-6 (4.0 + 1.6)×10-6 
CPb [M] 110
-6
 510-7 
Aexp,Pb [s
-1
] (3.3 + 1.0)×10-5 (7.2 + 2.5)×10-5 
 
An effective surface area, Ae, of 12% of the initial value (7 cm
2
), and a tortuosity factor, 
of 60 (Table 11) were used to calculate the theoretical values of the slopes A1 and A2 
(Table 12), corresponding to the two transport limiting cases, diffusion in solution or 
diffusion in the membrane, respectively. The  value is within the range (10 to 60) found by 
Weng et al., however, the effective surface area used is slightly lower (12% vs. 20%) [19]. 
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Table 11 – Input parameters used for the calculations of the theoretical values of A1 and 
A2. 
F 96485,34 C mol
-1
 
R 8.3145 J mol
-1
 K
-1
 
T 295 K 
zi 2 
B
z(Ca)
 3556 
 60 
d 0.03 m 
Am 7.0710
-4
 m
2
 
Ae 8.4510
-5
 m
2
 
DCu 7.2010
-10 
m
2
/s
 
DPb 9.8510
-10
 m
2
/s 
m 1.610
-4 
m 
max 1.010
-4 
m 
min 3.010
-5 
m 
Vacc 0.026 l 
 
 
Table 12 – Theoretical values of the A1 (diffusion in solution, Equation 4) and A2 
(diffusion within the membrane, Equation 5) parameters. 
 Cu Pb 
A1, max [s
-1
] 2.4×10
-5
 3.2×10-5 
A1, min [s
-1
] 7.9×10
-5
 1.1×10-4 
A2 [s
-1
] 4.4×10-4 6.1×10-4 
 
The comparison between the experimental (Table 10) and theoretical (Table 12) A values 
for Cu shows that the experimental value is smaller than the A1 theoretical value even using 
the minimum value of the  and decreasing the effective surface Ae to 12% of the initial 
value. The comparison between theoretical and experimental slopes shows that the transport is 
controlled by diffusion in solution. 
The transport of Pb is also controlled by diffusion in solution as can be confirmed by the 
agreement between the experimental (Table 10) and the theoretical (Table 12) A values. 
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5.4. Calculation of the free metal ion concentration 
In Experiments 3 and 4 the ligands were added to the donor solution and the free metal 
ion concentrations were determined using both transport limiting cases, i.e., transport 
controlled by diffusion in solution or by diffusion in the membrane; cf., Tables 10 and 12) 
(Table 13 and 15). In order to validate the proposed approach, free metal ion concentrations 
were also calculated with the model MinteQ (Tables 14 and 16) and compared with the 
measured values. 
 
Table 13 – Free metal ion concentrations in presence of metal mixtures and one ligand on 
the donor solution at pH 6.0 obtained by the FDMT and calculate by using the two different 
transport processes; experimental values are average of 2 replicates.  
 
CM,total 
[M] 
Experimental CM,free  [M] 
CIT GLY NTA 
A1, min 
Cu 
510-7 (5.5 + 0.2)10-8 (7.3 + 3.1)10-8 (3.1 + 0.3)10-8 
110-6 (1.2 + 0.7)10-7 1.210-7 (9.5 + 2.4)10-8 
Pb 
510-7 (2.15 + 0.06)10-7 (2.1 + 1.3)10-7 (1.8 + 0.3)10-7 
110-6 (4.8 + 0.2)10-7 (7.8 + 2.7)10-7 (6.1 + 4.6)10-7 
A1, max 
Cu 
510-7 (2.30 + 0.01)10-7 (1.45 + 0.01)10-7 (1.55 + 0.01)10-7 
110-6 (4.7 + 2.4)10-7 (3.2 + 3.0)10-7 (4.4 + 0.5)10-8 
Pb 
510-7 (1.06 + 0.01)10-6 (9.7 + 7.8)10-7 (9.66 + 0.08)10-7 
110-6 (2.4 + 0.1)10-6 (4.0 + 1.3)10-6 (2.9 + 2.0)10-6 
A2 
Cu 
510-7 (7.8 + 0.8)10-10 (7.3 + 0.3)10
-10
 (7.8 + 0.3)10-10 
110-6 (2.6 + 1.4)10-9 (1.6 + 1.4)10
-9
 (2.2 + 0.1)10-9 
Pb 
510-7 (6.44 + 0.01)10-8 (6.1 + 4.4)10-8 (6.0 + 0.3)10
-7
 
110-6 (1.45 + 0.01)10-7 (2.4 + 0.8)10-7 (1.7 + 1.1)10-7 
 
Table 14 – Theoretical free metal ion concentrations in presence of one ligand on the 
donor solution at pH 6.0 obtained by MinteQ. 
 
CM,total 
[M] 
CM,free  in presence of different ligands [M] 
CIT GLY NTA 
Cu 
510-7 6.3110-10 6.4810-8 1.7910-8 
110-6 5.4410-9 1.4010-7 7.7810-8 
Pb 
510-7 1.4610-7 3.0610-7 2.1210-7 
110-6 3.9910-7 9.5110-7 1.8310-7 
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The comparison between the values present in Tables 10 and 12, show that the dominant 
process for both metals is the transport controlled by diffusion in solution when no ligands are 
present. The free Pb concentrations obtained (Table 13) by using the A1,min value are in good 
agreement with theoretical free Pb concentrations obtained by MinteQ (Table 14) for all 
ligands studied and for both Pb concentrations in the donor solution.  
There is also a good agreement between the theoretical and experimental free Cu 
concentrations in presence of glycine or nitrilotriacetic acid when is used the calibrated 
parameter of the transport controlled by the diffusion in solution (A1,min) (cf. Table 13 and 
14). The same agreement is not obtained in presence of citric acid. However, a good 
agreement is obtained when is considered that the transport is controlled by diffusion in the 
membrane, i.e. when using the A2 value.  
In presence of the ligands mixture, glycine + citric acid and nitrilotriacetic acid + glycine, a 
good agreement for the free Pb concentrations is obtained when using the calibrated 
parameter for the transport controlled by diffusion in solution (cf. Tables 15 and 16). 
However, in presence of nitrilotriacetic acid + citric acid a free Pb concentration 6.5 times 
larger than the theoretical value was obtained. Nevertheless, considering a transport controlled 
by diffusion in membrane a good agreement is obtained between the experimental and the 
theoretical value.  
Experimental free Cu concentrations are only in good agreement with the MinteQ results 
when the transport by diffusion in the membrane is considered (cf. Tables 15 and 16). 
 
Table 15 – Free metal ion concentrations obtained for metal mixtures in presence of two 
ligands on the donor solution at pH 6.0 obtained by FDMT and calculate by using the two 
different transport processes; experimental values are average of 2 replicates.  
 
CM,total 
[M] 
Experimental CM,free [M] 
NTA + CIT GLY + CIT NTA + GLY 
A1,min 
Cu 110-6 (1.1 + 0.4)10-7 (7.9 + 3.0)10-8 (9.8 + 1.0)10-8 
Pb 510-7 (1.6 + 0.3)10-7 (1.87 + 0.09)10-7 (1.4 + 0.1)10-7 
A1,max 
Cu 110-6 (4.8 + 0.8)10-7 (3.5 + 1.2)10-7 (4.3 + 0.5)10-7 
Pb 510-7 (8.7 + 1.0)10-7 (10.0 + 0.6)10-7 (7.2 + 0.6)10-7 
A2 
Cu 110-6 (2.3 + 0.4)10-9 (1.7 +0.6)10-9 (2.1 + 0.3)10-9 
Pb 510-7 (5.3 + 0.5)10-8 (6.1 + 0.4)10
-8
 (4.3 + 0.3)10-8 
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Table 16 – Free metal ion concentrations obtained for metal mixtures in presence of two 
ligands on the donor solution at pH 6.0: theoretical values are obtained by MinteQ. 
 
CM,total 
[M] 
CM,free  in presence of different ligand mixtures [M] 
NTA + CIT GLY + CIT NTA + GLY 
Cu 110-6 1.4310-9 5.3510-9 6.7010-9 
Pb 510-7 2.4210-8 1.1710-7 1.3110-7 
 
 
5.5. Influence of the complexes lability on the diffusion process  
Using Equation 7, the parameters described in Table 17 and the free ligand concentrations 
(Clig) and the stability constants (K), obtained by MinteQ, was possible to determine the 
lability criterion (L) for the different experimental conditions studied (Tables 18 and 19). 
 
Table 17 – Input parameters used for the lability parameter calculation. 
kw 110
9
 s
-1
 
Dcit 410
-10 
m
2
/s 
Dgly 410
-10 
m
2
/s 
Dnta 3.0410
-10 
m
2
/s 
 
Table 18 – L values obtained for Cu and Pb in presence of one ligand. 
Metal CM [M] CIT GLY NTA 
Cu 510-7 0.8 3 510-3  
 110-6 3 3  510-3  
Pb 510-7 750 980  0.6  
 110-6 645 1030  0.6  
 
Table 19 – L values obtained for Cu and Pb in presence of two ligands. 
Metal CM,total [M] NTA + CIT GLY + CIT NTA + GLY 
Cu 110-6 110-4  210-2  410-4  
Pb 110-6 210-2  5  2
 
 
 
 Value of L » 1 indicates that the complexes are labile and L « 1 indicates that the 
complexes are non-labile. 
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Cu complexes with citric acid are quasi-labile whereas with nitrilotriacetic acid are non-
labile (Table 18). Table 19 shows that the complexes of Cu with all ligands mixture studied 
are non-labile. Citric and glycine Pb complexes are labile but nitrilotriacetic Pb complexes are 
quasi-labile (Table 18). Pb in presence of the ligands mixture glycine + citric acid and 
nitrilotriacetic acid+ glycine form labile complexes but in presence of nitrilotriacetic acid+ 
citric acid form non-labile complexes. 
If the complex is labile (L » 1) both labile complexes and the free metal ion will contribute 
to the flux and, therefore, the diffusion through the solution is not negligible, whereas if the 
complex is non-labile (L « 1) only the free metal ion will contribute and the transport is 
membrane controlled. 
The lability parameters obtained in Tables 18 and 19 can explain the use of the A2 
calibrated parameter to calculate the free metal concentration in the case of the Cu in presence 
of citric acid and all ligands mixture and Pb in presence of nitrilotriacetic acid + citric acid.  
The calculated free Pb concentration in presence of nitrilotriacetic acid using the A1,min 
calibrated parameter or A2 (Table 13) are both in agreement with the MinteQ values (Table 
14) because the  complexes are quasi-labile (L = 0.6; Table 18). 
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6. CONCLUSIONS 
 
In this work free copper and lead concentrations were quantified by the FDMT. Both 
metals were selected because of their variable toxicity and essentiality to various organisms 
and also due to their high concentration on Tagus River (Portugal). Their total concentration 
in water ecosystem is not always a good indicator for metal availability to organisms and the 
free metal ion concentration is a determining factor in the metal uptake. 
The objective of this work was to test and validate the flux Donnan membrane technique 
device for both metals and the main tasks successfully performed were: 
 to test the reproducibility of the method for Cu at different pH values; 
 to assess the reproducibility of the FDMT using the metal mixture, Cu + Pb, at different 
metal concentrations and at pH 6;  
 to quantify the free metal concentration for a range of metal mixture concentrations in 
presence of small organic ligands; glycine, citric acid and nitrilotriacetic acid, at pH 6; 
 to quantify the free metal concentration for the metal mixture in presence of mixtures of 
the small organic ligands: glycine + citric acid, glycine + nitrilotriacetic acid, citric acid 
+ nitrilotriacetic acid, at pH 6; 
 to compare the results obtained by the FDMT with the theoretical free metal 
concentrations using the thermodynamic calculations (Visual MinteQ, version 2.5.3). 
The results show that there is no influence of the pH (pH range 6-8) on the flux through the 
membrane and confirm that is possible to measure free metal concentrations in 
multicomponent samples with the FDMT. The flux is also independent of the initial metal 
concentration. The transport process in these experiments in absence of ligands is controlled 
by diffusion in solution. 
A good agreement between the theoretical and measured free metal concentrations was 
obtained. The limitation of the procedure is that it is difficult to know exactly which diffusion 
mechanism actually controls the whole process and thus which calibration to use.  
Future work: 
 to study the bioaccumulation of the single metals and the metal mixtures in the presence 
of the small organic ligands using the unicellular green alga Chlamydomonas 
reinhardtii in order to evaluate the rate limiting step on the uptake; 
 determination of the bioaccumulation of the metal mixtures in the presence of the water 
collected from the Tagus estuary (Portugal). 
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7. LIST OF SYMBOLS 
 
AAS Atomic absorption spectroscopy 
BLM Biotic ligand model 
CIT Citric acid 
DMT Donnan membrane technique 
EDTA Ethylenediaminetetraacetic acid 
ES Effective surface  
FDM Flux Donnan membrane 
FDMT Flux Donnan membrane technique 
FIAM Free-ion activity model 
GF-AAS Graphite furnace atomic absorption spectroscopy 
GLY Glycine 
HCL Hollow cathode lamp 
ISE Ion-selective electrodes 
M Metals 
MES 2-(N-morpholino)ethanesulfonic acid 
MOPS 3-(N-morpholino)propanesulfonic acid 
NTA Nitrilotriacetic acid 
PLM Permeation-liquid membrane 
TP Temperature program 
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